Members of the muscarinic acetylcholine receptor family (M1-M5) are known to be involved in a great number of important central and peripheral physiological and pathophysiological processes. Because of the overlapping expression patterns of the M1-M5 muscarinic receptor subtypes and the lack of ligands endowed with sufficient subtype selectivity, the precise physiological functions of the individual receptor subtypes remain to be elucidated. To explore the physiological roles of the M2 muscarinic receptor, we have generated mice lacking functional M2 receptors by using targeted mutagenesis in mouse embryonic stem cells. The resulting mutant mice were analyzed in several behavioral and pharmacologic tests. These studies showed that the M2 muscarinic receptor subtype, besides its well documented involvement in the regulation of heart rate, plays a key role in mediating muscarinic receptor-dependent movement and temperature control as well as antinociceptive responses, three of the most prominent central muscarinic effects. These results offer a rational basis for the development of novel muscarinic drugs.
Muscarinic acetylcholine receptors are known to regulate numerous fundamental physiological processes, including the muscarinic actions of acetylcholine on peripheral effector tissues and a multitude of central sensory, vegetative, and motor functions (1) (2) (3) (4) . In addition, disturbances in central muscarinic neurotransmission have been implicated in a variety of pathophysiological conditions, including Alzheimer's and Parkinson's diseases (1) (2) (3) (4) .
Molecular cloning studies have revealed the existence of five molecularly distinct muscarinic receptor subtypes referred to as M1-M5 (5-7). The M1-M5 receptors are prototypical members of the superfamily of G protein-coupled receptors. Although the odd-numbered muscarinic receptor subtypes (M1, M3, and M5) are selectively linked to G q͞11 proteins, the even-numbered receptors (M2 and M4) are preferentially coupled to G proteins of the G i͞o family (5-7).
The M1-M4 receptors are widely expressed throughout the central nervous system and the body periphery (6, (8) (9) (10) . Studies with subtype-selective antibodies and in situ mRNA hybridization experiments have shown that most brain regions express several different muscarinic receptor subtypes (8) (9) (10) . Based on this observation, it has been extremely difficult to assign specific central functions to individual muscarinic receptor subtypes.
In addition, the lack of muscarinic agonists and antagonists with pronounced subtype selectivity also has represented a major limitation in studying the physiological roles of the M1-M5 receptors (5) (6) (7) . This problem is accentuated further in the case of in vivo studies in which the actual concentrations of drugs at their sites of action are difficult to determine because of pharmacokinetic factors.
In the body periphery, muscarinic receptors mediate the well known functions of acetylcholine at parasympathetically innervated effector organs, including contraction of smooth muscle, stimulation of glandular secretion, and reduction in heart rate (1, 2). The major receptor subtypes involved in these functions have been identified (1) (2) (3) (4) (5) (6) , primarily because of the availability of functional in vitro preparations and the fact that the expression pattern of muscarinic receptors in peripheral organs is less complex than that observed in the central nervous system.
The availability of the cloned muscarinic receptor genes and recent progress in gene knockout methodologies have provided the opportunity to examine the physiological roles of the individual muscarinic receptors in an unambiguous fashion. We therefore decided to examine the functions of the two G i͞o -coupled muscarinic receptor subtypes, M2 and M4, by using gene ablation technology in mice.
In this study, we report the a pharmacologic characterization of a mouse line lacking functional M2 receptors. The M2 receptor is the predominant muscarinic receptor subtype in the heart, where it serves to mediate a decrease in cardiac beating frequency and a reduction in atrial contractility (1, 2, 5, 6) . However, much less is known about its possible role in the many central processes in which muscarinic receptors are known to be involved. Thus, the primary focus of this study was to investigate the potential involvement of the M2 subtype in central muscarinic functions. Most experiments were carried out with mice that had been injected with the centrally acting, nonselective muscarinic agonist oxotremorine (OXO). Our results suggest that the M2 receptor subtype plays a critical role in the regulation of movement control, body temperature, and attenuation of pain responses.
MATERIALS AND METHODS
Generation of M2 Muscarinic Receptor ؊͞؊ Mice. A murine M2 muscarinic receptor clone was isolated from a 129 mouse genomic library (Genome Systems, St. Louis) by using a PCR fragment (corresponding in sequence to the central portion of the third intracellular loop) as a probe. The M2 targeting vector was derived from pPN2T (11) and was constructed by replacing a 0.67-kilobase NheI-NsiI genomic fragment (which encodes the region between the third transmem-brane domain and the C terminus of the third intracellular loop) with the PGK-neomycin resistance gene (PGK-neo). Two copies of the herpes simplex virus thymidine kinase gene (HSV-TK) were attached 5Ј of the regions of homology. The targeting vector was linearized with NotI and was introduced into J1 129 mouse embryonic stem (ES) cells by electroporation. G418-and gancyclovir-resistant clones were isolated and screened by Southern blotting for homologous recombination.
Several properly targeted ES cell clones were obtained (7 of a total of 151 screened clones). Positive ES cell clones were microinjected into C57BL͞6 blastocysts to generate male chimeric offspring, which in turn were mated with female CF-1 mice (Charles River Breeding Laboratories) to generate F 1 offspring. Mice homozygous for the M2 receptor mutation were produced by crossing F 1 heterozygotes. All mice used in the studies reported here were F 2 hybrids.
In Situ Hybridization Experiments. Cryostat sections (12 m thick) were prepared and hybridized with a [
35 S]-labeled ribonucleotide antisense probe as described (15) . The probe was synthesized from a 0.67-kilobase NheI-NsiI genomic fragment cloned into pBluescript and corresponded in sequence to the region that was deleted during the construction of the M2 targeting vector (Fig. 1a) .
Ligand (12) . Binding reactions were carried out for 1 hr at room temperature (22°C). Nonspecific binding was determined in the presence of 10 M atropine.
Immunoprecipitation Assays. For immunoprecipitation studies, M2 and M4 receptor-specific rabbit polyclonal antisera were raised against nonconserved regions of the third cytoplasmic loops of the mouse M2 and M4 receptor proteins according to Levey et al. (13) . Membranes derived from different mouse brain regions or heart were prepared as described above, were incubated with 2 nM [ 3 H]QNB, were washed thoroughly, and were solubilized with 1% digitonin, followed by immunoprecipitation of solubilized [ 3 H]QNBlabeled receptors by using a protocol essentially similar to that described by Yasuda et al. (14) .
Pharmacologic and Behavioral Studies. Mice used for pharmacologic behavioral studies were between 3 and 6 months old and were housed in a temperature-and humidity-controlled vivarium that was kept on a 12-hr dark-light cycle. No significant differences in responses were found between male and female animals. Thus, data were generated with mice of either sex and were pooled subsequently.
To generate OXO dose-response curves, mice from each genotype were injected s.c. with vehicle (distilled water) or different doses of the nonselective muscarinic agonist OXO. Body temperature, salivation, tremor, and analgesia were assessed before and 30 min after injections. Core body temperature was measured by a rectal thermometer (model BAT 8, Bailey Instruments, Saddle Brook, NJ).
Salivation and tremor were scored by a trained observer on a scale of 0 (no salivation or tremor), 1 [moderate salivation (moisture on face only) or tremor (intermittent head and body tremor)] and 2 [marked salivation (moisture on face and chest) or tremor (nearly continuous whole body tremor)]. The data were expressed as percent effect, where the score for each mouse was expressed as a percent of the maximum possible score (i.e., 2).
The tail-flick test was carried out by immersing mouse tails in a 55°C water bath. Withdrawal latency was measured immediately before (baseline) and 30 min after drug or vehicle injection; a 10-sec maximum cut-off value was imposed to prevent tissue damage. Data were expressed as percent maximum possible effect (MPE), where percent MPE ϭ 100 ϫ [(postdrug latency Ϫ baseline)͞(10 Ϫ baseline)]. Tail-flick, temperature, salivation, and tremor responses to a given OXO dose were studied in the same group of mice.
The hot plate test was performed by using an electronically controlled hot plate analgesia meter (model HP͞fj, Omnitech Electronics, Columbus, OH). Response latency to lick the front or hind paws after being placed on a 55°C hot plate was measured before (baseline) and 30 min after OXO or vehicle injection; the cut-off time was 30 sec. Data were expressed as percent MPE ϭ 100 ϫ [(postdrug latency Ϫ baseline)͞(30 Ϫ baseline)].
To determine whether the M2 receptor mutant mice had gross motor impairments, performance on a rotarod was examined. Mice were placed on a rotarod apparatus (model 7600, Ugo Basile, Varese, Italy) with the rod (3 cm in diameter) rotating at 14 revolutions per min during 60-sec trials. After two training trials, the number of seconds until the first fall from the rotarod during a 60-sec test trial was recorded. To assess spontaneous locomotor activity, mice from each genotype were placed in polypropylene cages (24 ϫ 45 ϫ 15 cm), and the number of photocell beam interruptions were counted for 1 hr (Photobeam Activity System, San Diego Instruments, San Diego). terminus of the third transmembrane domain to the C terminus of the third intracellular loop) was replaced with a neomycin-resistance cassette, which is predicted to disrupt M2 receptor function.
RESULTS

Inactivation
ES cells harboring the desired mutation were used to generate chimeric mice. These animals then were crossed with CF-1 mice, and the resulting heterozygous mice were intercrossed to obtain wild-type (ϩ͞ϩ) as well as heterozygous (ϩ͞Ϫ) and homozygous (Ϫ͞Ϫ) mutant mice. Mouse genotyping was carried out by Southern blot analysis of mouse tail DNA, as shown in Fig. 1b .
Homozygous M2 Ϫ͞Ϫ mice (n ϭ 102) were obtained with the expected Mendelian frequency, indicating that there was no increase in embryonic or postnatal mortality in the mutant mice. Moreover, the mutant mice did not show any obvious morphological abnormalities and did not differ from their wild-type littermates in overall health, fertility, and longevity. We noted, however, that adult M2 Ϫ͞Ϫ mutant mice weighed Ϸ5% (1.5-2.5 g) less than their control littermates (P Ͻ 0.05).
In Situ Hybridization Experiments. To study the expression pattern of M2 receptor mRNA and to confirm the absence of functional M2 transcripts in the M2 Ϫ͞Ϫ mutant animals, mRNA in situ hybridization experiments were carried out by using brain tissue prepared from wild-type and mutant mice (Fig. 2) . For these experiments, a [ 35 S]-labeled antisense riboprobe corresponding in sequence to the receptor coding region deleted in the M2 mutant mice was used as a probe. Consistent with previous studies on rat brain (8, 9, 16), M2 receptor mRNA was found to be widely distributed throughout the brain. As expected, only background staining was found in the case of M2 Ϫ͞Ϫ mutant mice (Fig. 2) .
Radioligand Binding Studies. To examine muscarinic receptor expression more directly, radioligand binding studies were carried out using the nonselective muscarinic antagonist [ 3 H]QNB. For these studies, a saturating concentration (2 nM) of [ 3 H]QNB was incubated with membrane homogenates prepared from various mouse brain regions and heart. [ 3 H]QNB binding activity was virtually abolished in the heart of M2 Ϫ͞Ϫ mice and was significantly reduced in the olfactory bulb, cerebellum, and brainstem (pons-medulla) (Fig. 3a) . These brain regions are known to be particularly rich in M2 receptors as compared with other members of the muscarinic receptor family (8) (9) (10) .
Immunoprecipitation Studies. To study the expression of M2 receptor protein in a more direct fashion, an M2 receptorselective antiserum was used for immunoprecipitation studies. For control purposes, we also used an antiserum directed against the functionally closely related M4 receptor subtype. The specificity of the antisera (which were raised in rabbits against nonconserved regions of the third cytoplasmic loops of the mouse M2 and M4 receptor proteins) was verified by using Chinese hamster ovary cell lines transfected with the M1-M5 receptor subtypes (data not shown). Use of the M2 receptor antiserum showed that wild-type mice express M2 receptors in the heart as well as in all examined brain regions, though at relatively low density (Fig. 3b) . Expectedly, the M2 receptor antiserum was unable to immunoprecipitate significant amounts of radioactivity ([ In situ mRNA hybridization analysis of wild-type and M2 receptor mutant mice. The distribution of M2 receptor mRNA was studied in horizontal brain sections using an antisense riboprobe corresponding in sequence to the receptor region deleted in the M2 knockout mice (Fig. 1a) . CPu, caudate-putamen; Cx, cerebral cortex; LDTg, laterodorsal tegmental nucleus; MS, medial septal nucleus; OB, olfactory bulb; Rt, reticular thalamic nucleus. Further evidence for the lack of functional M2 receptors in M2 Ϫ͞Ϫ mutant mice was derived from in vitro studies using spontaneously beating right atria. Incubation of atria derived from M2 Ϫ͞Ϫ mice with the nonselective muscarinic agonist carbachol (1 M) had no significant effect on atrial beating frequencies (n ϭ 4). In contrast, carbachol (1 M) produced a marked bradycardia in atrial preparations derived from wild-type control littermates (reduction in atrial rate: 56 Ϯ 3%; n ϭ 7) (P. W. Stengel and M. L. Cohen, personal communication).
Locomotor Activity. Spontaneous locomotor activity and motor coordination of M2 receptor mutant mice were assayed in an ''open-field'' and the rotarod test, respectively. Recording of the total number of consecutive photobeams broken in 1 hr in the open-field test revealed no significant differences in locomotor activity between mutant mice (ϩ͞Ϫ and Ϫ͞Ϫ) and their wild-type littermates (n ϭ 5 for each genotype). Similarly, M2 receptor mutant mice performed equally as well as their control littermates on the rotarod in that they did not fall during a 60-sec test (n ϭ 5 for each genotype) (data not shown).
Muscarinic Receptor-Mediated Tremor. Injection of increasing doses of the centrally acting, nonselective muscarinic agonist OXO (0.01-0.3 mg͞kg, injected s.c.) into wild-type control mice reproducibly resulted in massive whole-body tremor and akinesia at the highest dose tested (0.3 mg͞kg; doses Ͼ0.3 mg͞kg resulted in a pronounced increase in lethality) (Fig. 4a) . Strikingly, the tremorogenic effects of OXO were absent in M2 Ϫ͞Ϫ mutant mice (Fig. 4a) , even when the OXO dose was increased to 1 mg͞kg (data not shown). Interestingly, heterozygous M2 ϩ͞Ϫ mutant mice also did not display the OXO-induced tremor response (Fig. 4a) .
Muscarinic Receptor-Mediated Salivation and Hypothermia. As shown in Fig. 4b , OXO also induced a dose-dependent increase in salivary secretion in wild-type control mice. This response remained largely unaffected in the M2 receptor mutant mice (Fig. 4b) . In wild-type mice, OXO administration also produced a pronounced, dose-dependent decrease in core body temperature (Fig. 4c) . OXO dose-response curves were shifted to the right (by a factor of Ϸ3) in heterozygous M2 ϩ͞Ϫ mice. In M2 Ϫ͞Ϫ knockout mice, OXO-induced hypothermia was impaired to an even greater extent (Fig. 4c) . In these animals, no change in body temperature was seen after injection of 0.1 mg͞kg OXO (as compared with a decrease of Ϸ6°C seen with wild-type littermates), and the hypothermic response induced by 0.3 mg͞kg OXO was reduced by Ϸ50%.
Muscarinic Receptor-Mediated Analgesia. To study the potential involvement of the M2 receptor subtype in muscarinic receptor-dependent analgesia, OXO-induced antinociceptive effects were studied by using the tail-flick and hot plate tests (Fig. 5) . Although the tail-flick method assesses pain sensitivity primarily at the spinal level, the hot plate test measures pain responses and analgesia mediated predominantly by supraspinal mechanisms (17) . OXO administration induced strong dose-dependent analgesic effects in wild-type as well as in heterozygous M2 ϩ͞Ϫ mutant mice in both tests (Fig. 5) . Strikingly, OXO-dependent antinociceptive responses were found to be drastically reduced in homozygous M2 Ϫ͞Ϫ knockout mice in both assays. However, as shown in Fig. 6 (tail-flick test), M2 Ϫ͞Ϫ mutant mice did not differ significantly from wild-type littermates in their responsiveness to the opioid analgesic morphine (10 mg͞kg, injected s.c.) . Similar results were obtained when morphine-induced analgesic effects were studied in the hot plate test (data not shown).
DISCUSSION
Previous studies have shown that cardiac muscarinic receptors almost exclusively consist of the M2 subtype (1, 2, 5, 6 ). In agreement with this finding, hearts derived from M2 Ϫ͞Ϫ mutant mice were unable to bind significant amounts of the muscarinic radioligand [ 3 H]QNB. Moreover, muscarinic agonist-induced bradycardia was no longer observed in M2 Ϫ͞Ϫ mutant mice.
To explore the potential involvement of the M2 receptor subtype in central muscarinic mechanisms, wild-type and M2 mutant mice were injected with OXO, a nonselective muscarinic agonist that easily penetrates the blood-brain barrier (18) . Administration of OXO to wild-type mice produces a number of striking pharmacologic effects (including stimula- Hypothermia data were analyzed by a two-way ANOVA with a significant effect for the M2 genotype (F2, 283 ϭ 111.9, P Ͻ 0.0001). Orthogonal comparisons revealed that the dose-response curve for M2 Ϫ͞Ϫ mice was significantly different from the curves for M2 ϩ͞Ϫ and M2 ϩ͞ϩ mice (t ϭ Ϫ13.5, P Ͻ 0.00001) and that the curve for M2 ϩ͞Ϫ mice was significantly different from that for M2 ϩ͞ϩ mice (t ϭ Ϫ6.4, P Ͻ 0.00001).
tion of salivation, tremor and akinesia, hypothermia, and analgesia), most of which are mediated by central muscarinic receptors (see below). The increase in salivary secretion caused by OXO administration, a response thought to be mediated primarily by peripheral muscarinic receptors (1, 2), was similar in wild-type and M2 mutant mice. This observation is in agreement with previous pharmacologic studies indicating that glandular secretion is mediated predominantly by glandular M3 muscarinic receptors (1, 2, 5, 6 ).
Central muscarinic receptors are known to play key roles in the regulation of extrapyramidal movement control, and an imbalance between muscarinic cholinergic and dopaminergic neurotransmission in the striatum is considered a hallmark of Parkinson's disease (19) . Administration of OXO or other centrally acting muscarinic agonists to experimental animals causes several of the key symptoms of Parkinson's disease, such as akinesia and tremor (18, 20, 21) . These responses can be elicited by direct intrastriatal injection of muscarinic agonists (22, 23) and can be suppressed by pretreatment of animals with widely used anti-Parkinson drugs, such as muscarinic antagonists and L-DOPA (24) (25) (26) . For these reasons, OXO-induced tremor serves as a routine model system for the screening of new anti-Parkinson drugs. Consequently, identification of the muscarinic receptor subtype mediating the tremorogenic actions of muscarinic agonists should be of great therapeutic interest.
To address this question, OXO-dependent tremor was studied in wild-type and M2 receptor mutant mice. Strikingly, OXO was unable to induce tremor responses in M2 ϩ͞Ϫ and M2 Ϫ͞Ϫ mutant mice. The observed lack of a tremor response in animals heterozygous for the M2 receptor mutation was somewhat surprising but may indicate that OXO-induced tremor is characterized by a small receptor reserve. This latter notion is supported by previous pharmacologic studies using OXO derivatives capable of irreversible alkylating central muscarinic receptors (27) . Our results indicate that the ability of therapeutically useful muscarinic antagonists to inhibit OXO-mediated tremor responses is attributable to the blockade of central M2 muscarinic receptors.
The molecular mechanisms by which M2 receptor activation can induce Parkinson-like symptoms remain unknown at present. Detailed studies by Hersch et al. (28) have shown that striatal M2 receptors are present presynaptically (as auto-or heteroreceptors) as well as postsynaptically. The potential involvement of these receptors in mediating movement control should be addressed in future studies.
It should be noted that Hamilton et al. (29) recently reported an initial pharmacologic analysis of a mouse line lacking functional M1 muscarinic receptors. Although agonistdependent salivation and tremor still were observed in these animals, homozygous and heterozygous M1 receptor mutant mice were found to be highly resistant to seizures produced by administration of the muscarinic agonist, pilocarpine (''pilocarpine model of epilepsy'').
Administration of muscarinic agonists also produces pronounced analgesic effects (30 -34) . Muscarinic receptormediated analgesia depends on both spinal and supraspinal mechanisms (30) (31) (32) (33) (34) , is similar in magnitude to morphineinduced analgesia (32, 34) , and is less likely to lead to tolerance and addiction associated with opioid analgesics (34, 35) . In keeping with these findings, muscarinic receptors are abundantly expressed in the dorsal horn of the spinal cord (36) as well as the thalamus (8-10), two areas of the central nervous . Two-way ANOVA revealed a significant main effect for genotype in the M2 receptor mutant mice for both the tail-flick (F2, 283 ϭ 99.7, P Ͻ 0.0001) and hot plate (F2, 285 ϭ 15.6, P Ͻ 0.0001) tests. Orthogonal comparisons revealed that, in the tail-flick test, the dose-response curve for M2 Ϫ͞Ϫ mice was significantly different from that for M2 ϩ͞Ϫ and M2 ϩ͞ϩ mice (t ϭ Ϫ14.1, P Ͻ 0.0001) but that the curve for M2 ϩ͞Ϫ mice was not significantly different from that for M2 ϩ͞ϩ mice (t ϭ 0.8, P Ͼ 0.05). In the hot plate test, the dose-response curve for M2 Ϫ͞Ϫ mice was significantly different from that for M2 ϩ͞Ϫ and M2 ϩ͞ϩ mice (t ϭ Ϫ5.2, P Ͻ 0.00001), and the curve for M2 ϩ͞Ϫ mice was significantly different from that for M2 ϩ͞ϩ mice (t ϭ Ϫ2.0, P ϭ 0.045). system known to be intimately involved in pain transmission. Identification of the receptor subtype involved in muscarinic receptor-dependent antinociception is therefore critical for the rational design of novel analgesic drugs with improved pharmacologic properties. We found that OXO-injected M2 Ϫ͞Ϫ mutant mice showed greatly reduced analgesic effects, as assessed in the hot plate and tail-flick tests. This observation is consistent with previous findings (37) that muscarinic agonist-induced antinociceptive responses can be prevented by pretreatment of animals with pertussis toxin, an agent that selectively inactivates G proteins of the G i ͞ o family. Preliminary studies have shown that OXOinduced analgesic effects are largely preserved in M4 receptor knockout mice (J.G., H.S., E.K., C.F., L.Z., J.B., C. Deng, and J.W., unpublished results). Taken together, these findings indicate that muscarinic analgesia is mediated predominantly (but not exclusively) by the M2 receptor subtype, at least in the mouse.
Many studies have shown that central muscarinic receptors also play an important role in the regulation of body temperature (38) . Consistent with this notion, injection of OXO into wild-type mice produces pronounced hypothermic effects that are thought to be mediated largely by muscarinic receptors located in thermoregulatory centers of the hypothalamus (38) . OXO-induced hypothermia was found to be significantly reduced in M2 receptor mutant mice, indicating that the M2 subtype plays a role in muscarinic receptor-mediated temperature regulation. However, because OXO-induced hypothermia was reduced but not completely abolished in M2 Ϫ͞Ϫ mutant mice, other muscarinic receptor subtypes also appear to be involved in this response. In heterozygous M2 ϩ͞Ϫ mice, OXO dose-response curves were shifted to the right by a factor of Ϸ3, suggesting that efficient M2 receptor-induced hypothermia requires a relatively high fractional receptor occupancy.
In conclusion, we have demonstrated that the M2 muscarinic receptor subtype, besides its well documented involvement in controlling cardiac function, plays a key role in mediating muscarinic receptor-dependent movement and temperature control as well as analgesia, three of the most prominent central muscarinic effects. These findings shed light on the central nervous system functions of the M2 muscarinic receptor and should provide a rational basis for the development of novel muscarinic drugs.
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